A molecule of a biological medicine is commonly a protein made of a chain of several hundred amino acids with a complex three-dimensional structure. The protein drugs should remain stable for several years, maintaining the active conformation, even under unfavorable conditions during transport or storage. Freeze drying is one of the most common formulation methods of protein drugs. However, it does not lead to well-defined microparticles and is a comparatively expensive and timeconsuming process. The protein drugs should remain stable for several years even under unfavorable conditions during transport or storage. There are several methods for the production of the protein drugs, including freeze dr ying and spray dr ying. Spray dr ying is a method with a high potential and attractive alternative in preparation of solid pharmaceutical drugs by freeze drying. Spray drying is often regarded as a harsh drying method due to the surface induced denaturation of bio-molecules during processing, since atomization and subsequent drying could potentially be detrimental to heat sensitive biological materials such as enzyme. Therefore, it is important to develop new formulation concept for encapsulation and stabilization of proteins during spray dr ying. This article reviewed several factors which result in the substantial inactivation of enzyme protein during spray dr ying, including the operational conditions of spray drying, the formulation of the feed enzyme solution and additives.
tion process. Thereafter, droplets of enzyme solution come in contact with the high temperature air flow, suffering from the thermal and dehydration stresses which result in an irreversible structural change of denaturation.
Adsorption stress
Loss of native protein by adsorption to surfaces is problematic in biopharmaceutical applications. Proteins are able to adsorb at liquid-gas, liquid-solid and liquidliquid inter face due to their amphiphilic proper ty.
Adsorption stress can occur in the vessel of the feed protein solution, and the liquid-gas interface between the atomized droplet and the hot air. Adsorption to the vessel is practically assumed negligible, except for extremely low protein concentration, where the adsorption of protein to container and equipment walls can also result in a serious loss of bio-activity of protein. On the other hand, the adsorption at liquid-gas interface might allow a substantial denaturation because of the enormous increase in the liquid-gas interface.
Spray drying of adsorption sensitive proteins such as recombinant human growth hormone has already evidenced the detrimental effect [7] . Addition of an appropriate amount of surfactant could reduce the inactivation of protein induced by atomization [7] [8] [9] . The investigation of the surface element composition of the spraydried particle by ESCA (electron spectroscopy for chemical analysis) revealed the decrease of protein content at the particle surface by the addition of the surfactant [8] .
Shear stress
Proteins are presumably exposed to high shear forces both in the liquid flow line, in the centrifugal atomizer and the pressure nozzle during the atomization process.
Shear forces presented in the atomizer would be very high. Soottitantawat et al. [10] showed that large emulsions would be broken during atomization with a centrifugal atomizer due to the high shear force induced in the centrifugal outward flow on the rotating vane. Maa et al. [11, 12] extensively examined the effects of shear stress on the denaturation of human growth hormone (rhGH).
They concluded that the combination of shear and liquid-air interface allowed forming noncovalent aggregates of the protein, while the shear alone did not induce a significant denaturation of the protein. Addition of an appropriate amount of a surfactant in the protein solution could reduce also the percent aggregation induced by atomization.
Thermal and dehydration stress
After atomization a protein comes in contact with the high temperature air that can denature it. Proteins may denature with structural changes under thermal stress and lose their activities. Removal of hydration water on protein also causes the structural changes of protein.
These stresses generate an irreversible inactivation. The addition of excipients may decrease these stresses.
Therefore, some excipients such as disaccharides are added to the feed protein solution to improve the stability in manufacturing process and storage. Many studies have documented the protective effects of the excipients for the thermal denaturation with FT-IR and SE-HPLC [13] [14] [15] [16] . The mechanisms of stabilization by the excipients during dehydration are hypothesized by the direct interaction between excipients with protein to protect the structure through hydrogen bonds, the trapping of water molecules close to the protein surface, and the entrapment of a particular protein conformation in a highly viscous amorphous glass of excipients, the mechanisms of which are discussed in the next section. 
Spray Drying of Protein Solution

Drying of a single suspended droplet
In order to simulate the drying and inactivation process in spray dryer, Yamamoto and Sano [22, 23] 
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where w is the water content on a dry basis. The parameters a, b, k 0 and E d were estimated using separate experiments each constant water content and constant temperature [27] .
Stabilization of enzyme during spray drying: Effects of formulation composition
As mentioned above, spray drying is suitable for the encapsulation of protein, but involves multiple denaturation stresses which can be reduced by the addition of excipients. Hence, to date, many researches have studied to know how the formulation composition and process variables affect the retention of enzyme activity. The addition of some proteinic or surfactants offers a way to prevent direct contact of enzyme with the high temperature air. These substances tend to distribute preferentially on the surface of the particle, thus protecting enzyme from thermal damage. However, the effect of additives in relation with the spray drying conditions has not been studied extensively. In a practical spray dryer, the size of the sprayed droplets is within several hundreds of micrometers. Therefore, the additive proteins or surfactants may be one of the key techniques for the production of pharmaceutical enzymes by spray drying.
Effect of enzyme content on the stabilization of enzyme activity in spray-dried powder
The initial enzyme concentration in the feed liquid affected the stability of enzyme activity during spray drying [9] . Trehalose solution of 30% (w/w) containing alcohol dehydrogenase (ADH) of five different ADH contents was spray-dried at 120 of inlet air temperature, atomized with a rotary disk atomizer. The retention of ADH activity is presented in Fig. 3 as a function of the initial amount of ADH in the formulation solution. The retention of ADH increased linearly in the low concentration region of ADH, reaching a plateau value of around 2.8 times larger than that at lower ADH content. This might be that ADH mutually protects each other during spray drying.
Enzyme stabilization by the addition of other proteins and additives
To overcome the thermal damage of ADH during spray drying, Yoshii et al. of the droplet surface was preserved during spray drying, accumulating on the surface of the spray-dried particle [29] [30] [31] [32] . One of the possible reasons for the protection of ADH by the addition of proteins is that BSA and -Lg might have covered the surface of the sprayed droplet preventing the exposure of ADH to hot air stream.
Effect of other carbohydrates and additives on the retention of enzyme activity
The protective effects of carbohydrates other than trehalose have been investigated. Labrude et al. [33] and
Tzannis et al. [34] suggested that sucrose has ability to prevent from inactivation of oxyhemoglobin and trypsinogen. Analogous result has been reported that the addition of hydroxypropyl--cyclodextrin inhibit the aggregation and inactivation of -galactosidase during spray drying [35] .
A common method to improve preser vation of the native structure of an enzyme is to add surfactants to the enzyme solution. A few non-ionic surfactants can reduce aggregation of enzyme proteins during spray drying at or above the critical micelle concentration of the surfactants in the solution [7, 9, 12] . Moreover, increasing surfactant concentration in a spray solution progressively reduced the inactivation of enzyme during the spray drying [8] . Comparing with BSA and -Lg, the addition of Tween 80 permits comparable improving effect.
Effects of process variables on the stabilization of enzyme during spray drying
The process conditions of spray drying on the stability of enzyme during drying has been investigated with a pilot plant spray dryer [9] and bench-top spray dryer [26, 36, 37] . The inlet/outlet temperature of air is one of the important factors for the preser vation of enzyme activity during drying [9] . The retentions of activity at different inlet air temperatures are illustrated in Fig. 6 against the outlet air temperature for both the formulations with and without -Lg. The outlet air temperature markedly affected the retention of ADH activity, particularly between 70 and 83 in the case of addition of -Lg. At the higher outlet temperature, the activity became impracticably lower and converged to the similar activity retention for both with and without -Lg. These results infer that it is preferable to keep the outlet air temperature as low as dried powder could be obtained.
Since the inlet and outlet temperatures could not be controlled independently in this work, it could not be concluded which temperature was more important to retain enzyme activity. Analogous results for the residual alkaline phosphatase activity versus outlet air temperature have been obtained experimentally and successfully predicted by the numerical analysis of the mathematical dehydration model of droplet coupled with the inactivation reaction [36] . A special design of horizontal spray dryer was used for formulation of -amylase powder, and the final moisture content was predicted [37] . Maa et al. [38] examined a bench-top spray dryer for improving the efficiency in both production recovery and throughput for the preparation of protein spray-dried powder. They found a significant loss of par ticles occurred in the cyclone system. System modifications such as different cyclone designs and the system, and replacing bag-filter unit with a vacuum system have been performed allowing the protein to be dried at a lower inlet/outlet air temperature.
The liquid feed undergoes a certain shear stress during the atomization process. The rotary disk atomizer and the two-fluid nozzle were used to spray the feed liquid. As shown in Fig. 7 , the retentions of ADH activity with both atomizations were nearly similar, indicating that the shear stress associated with atomization would be of same degree and no meaningful difference could be obtained. 
